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Ecdysteroids acting through multiple isoforms of the ecdysone receptor (EcR) initiate molting and metamorphosis of insects.
Two isoforms of EcR, A (this paper) and B1 (Fujiwara et al., Insect Biochem. Mol. Biol. 25, 845±856, 1995), were isolated
from the tobacco hornworm, Manduca sexta, and shown to be similar to the corresponding Drosophila EcR isoforms. The
developmental pro®les of both EcR-A and EcR-B1 (determined by both analysis of isoform-speci®c mRNAs and use of
monoclonal antibodies that detect either EcR-B1 or all forms), however, were different in Manduca epidermis, which
produces sequentially the larval, the pupal, and the adult cuticles. EcR-B1 predominated through the larval, pupal, and
early developing adult stages with an upregulation early in each molt. By contrast, EcR-A was present only at the onset
of new cuticle synthesis during the larval molt, but in the pupal and adult molts was upregulated slightly later than EcR-
B1 during the commitment period and was present during the predifferentiative phase. Both isoforms appeared in the larval
wing discs after pupal commitment and persisted through pupal differentiation. The mRNAs for both isoforms were directly
induced in larval epidermis in vitro by 20-hydroxyecdysone, but EcR-B1 mRNA accumulated more rapidly, peaking at 3
hr. In the presence of a protein synthesis inhibitor, the accumulation of EcR-B1 mRNA was slower and its subsequent
decline was prevented, but the accumulation of EcR-A mRNA was unaffected. Thus, in this polymorphic epidermis both
isoforms appear in every molt, with EcR-B1 present during the commitment and predifferentiative phases and then at the
onset of cuticle synthesis EcR-A prevails. Additionally, EcR-A is apparently associated with the switching and predifferentia-
tive events necessary for a new synthetic program. q 1996 Academic Press, Inc.
INTRODUCTION mately direct the molt (Andres and Thummel, 1992; Thum-
mel, 1995; Cherbas and Cherbas, 1996).
Postembryonic development of insects is characterized During metamorphosis larval cells either die and are re-
by a growth phase which is punctuated by a series of larval placed by imaginal cells or are reprogrammed for their new
molts. When the larva has attained its characteristic size, role in the adult. In Drosophila at this time, most of the
the metamorphic molt(s) then ensues to produce a reproduc- larval tissues die and are replaced by differentiation of imag-
tive, ¯ying adult. The steroid hormone ecdysone and its inal discs and other imaginal cells. At the onset of metamor-
active metabolite 20-hydroxyecdysone (20E) initiate and co- phosis, the doomed larval cells express predominantly one
ordinate all of these molts, but only cause the metamorphic EcR isoform (EcR-B1), whereas most imaginal cells possess
changes when a second hormone, juvenile hormone (JH), primarily another isoform (EcR-A) (Talbot et al., 1993).
is absent (Riddiford, 1994). All of the actions of 20E are Moreover, metamorphosis is characterized by a shift in the
apparently mediated by the ecdysone receptor (EcR)±Ultra- combination of the transcription factors induced by 20E
spiracle (USP) complex which when activated by the hor- (Andres and Thummel, 1992; Thummel, 1995). In the Dro-
mone triggers a cascade of transcription factors that ulti- sophila central nervous system, which is remodeled during
metamorphosis (Truman and Bate, 1988), larval neurons
have no detectable EcR early in larval life. Then during1 Permanent address: Institute of Entomology, BranisÏovskaÂ 31,
37005 CÏ eskeÂ BudeÏjovice, Czech Republic. metamorphosis EcR-B1 predominates during the larval±pu-
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pal transition, whereas EcR-A predominates during adult Library Screening and Sequence Analysis
development (Truman et al., 1994). Thus, EcR-A has been Hybridizations to existing cDNA and genomic libraries were per-
associated with metamorphic differentiative responses and formed for 24 hr at 427C in 40% formamide, 51 SSC (11 SSC is
EcR-B1 with proliferative and remodeling responses of cells 0.15 M NaCl, 0.015 M sodium citrate), 101 Denhardt's solution,
(Talbot et al., 1993; Truman et al., 1994). 50 mM sodium phosphate, pH 7.0, 0.1% sodium dodecyl sulfate
In most insects, however, there is not the wholesale dis- (SDS), 100 mg/ml denatured herring sperm DNA, and a 32P-labeled
DNA probe at 1 1 106 cpm/ml.carding of larval tissues at metamorphosis as seen in the
For sequencing, phage DNA fragments were subcloned in pBlue-higher Diptera such as Drosophila. Instead the cells are
script (Stratagene). DNA was sequenced using the dideoxy chainpolymorphic and switch their differentiative programs as
termination method (Sambrook et al., 1989) with [a-35S]dATP andthe animals progress from larva to pupa to adult. The most
Sequenase Version 2.0 (Amersham USB). The sequence of MsEcR-visible manifestation of this switching is in the cuticle (Wil-
A cDNA was con®rmed from two complementary DNA strands
lis, 1996), particularly in the Lepidoptera where the larval using both the standard and 7-deaza-dGTP labeling protocols.
cuticle is pliable and expansible, the pupal cuticle is primar-
ily rigid and protective, and the adult cuticle is covered
Southern Analysis of Genomic DNAwith the scales in elaborate color patterns. These different
cuticles are all produced by the same epidermal cells or Manduca genomic DNA was prepared from a single Day 1 ®fth
daughters thereof. Therefore, it is of interest to determine if instar larva minus the gut using a modi®ed phenol extraction
the switches in differentiative programs expressed by these method (Sambrook et al., 1989). Ten-microgram aliquots of en-
zyme-digested DNA were electrophoresed on a 0.8% agarose gel,cells are mediated by a changing combinatorial pattern of
transferred to a Duralon UV membrane (Stratagene), and hybridizeddifferent EcR isoforms and, if so, how they are controlled
under the same conditions as described above for library screening.by ecdysteroids and JH.
Such a study is now possible as we have isolated putative
EcR-B1 (Fujiwara et al., 1995) and EcR-A isoforms (this pa- RNA Isolation
per) from the tobacco hornworm, Manduca sexta. We show
Dorsal abdominal epidermis and wing discs of larvae and wingshere by analysis of both mRNA and protein levels that EcR-
and thoracic epidermis of pupae were cleaned of fat body and musclesB1 is present in ¯uctuating levels in the larval, pupal, and
and frozen in liquid nitrogen. Total RNA was isolated using a modi-
early developing adult epidermis and also in last instar lar- ®ed guanidinium isothiocyanate extraction method (Hiruma et al.,
val wing discs. EcR-A mRNA transiently appears in the 1996) or the Trizol reagent (Gibco BRL). RNA concentrations were
epidermis at the times of the peak ecdysteroid titers for the measured spectrophotometrically at 260 nm (A260  1 for 40 mg/ml).
molts just prior to the onset of new cuticle deposition and,
when JH is absent, also during the pupal and adult prediffer-
Northern and Dot Blot Hybridizationentiative phases. Both isoforms were found to be directly
induced by 20E although the normal regulation of EcR-B1 For Northerns, total RNA (15±20 mg) was separated on a formalde-
hyde±agarose (1%) gel and transferred to a Duralon UV (Stratagene)mRNA also required protein synthesis.
membrane (Sambrook et al., 1989). RNA was visualized by ethidium
bromide staining. For dot blots, 5 mg of total RNA was denatured and
spotted onto a Duralon membrane (Kafatos et al., 1979).MATERIALS AND METHODS cDNA probes were prepared with a-[32P]dATP using the Prime-
It (Stratagene) kit based on the method (Feinberg and Vogelstein,
Animals 1984). cRNA probes were transcribed from the antisense strand of
appropriate cDNA fragments in linearized pBluescript (Stratagene)
Larvae of the tobacco hornworm, M. sexta, were reared on an arti®- using [a-32P]UTP and T3 RNA polymerase (Boehringer Mannheim
cial diet under short-day conditions (12L:12D photoperiod, 25.57C) protocol). Conditions of hybridization and washes with cDNA
and selected according to developmental time, weight, and various probes were as described above. Hybridization with cRNA probes
morphological markers (Truman, 1972; Truman et al., 1980; Curtis was under conditions of high stringency as described by Jindra et
et al., 1984; Langelan, Palli, Hiruma, and Riddiford, in preparation). al. (1996).
Pupae were derived from larvae reared under long-day conditions Levels of mRNA were quanti®ed by scanning of the dot blot
(17L:7D photoperiod, 267C), and the progression of adult development autoradiograms on a Helena Laboratories densitometer. Each mem-
was monitored by morphological markers (Jindra et al., 1996) since brane included a sample of pooled epidermal RNA from staged
the onset of adult development may vary by 1±2 days. larvae for normalization of the different blots. The exposure time
was varied so that all dots were within the linear range of detection.
Replicate samples at selected times of high and low levels of the
Culture Techniques mRNA showed less than 10% difference in density.
The dorsal abdominal epidermis was removed from either Day 2
fourth instar or Day 2 ®fth instar larvae, cleaned of fat body and Preparation and Epitope Mapping of Monoclonal
muscle, and then incubated in Grace's medium either with or without Anti-EcR Antibodies
20E (Rohto Pharmaceutical) as previously described (Hiruma et al.,
1995). Five to 10 mg/ml anisomycin (Sigma) was used to inhibit 99% Monoclonal antibodies speci®c for various regions of Manduca
EcR were generated against the EcR portion of a glutathione S-of the epidermal protein synthesis (Hiruma et al., 1995).
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transferase (GST) fusion protein [prepared with pGEX-5X-1 (Phar- and then incubated overnight at 47C with 250 ml secondary anti-
body (1:1000 peroxidase-conjugated goat antimouse IgG, Jacksonmacia)] consisting of amino acids 33 ±454 of MsEcR-B1 (Fig. 1).
After induction in Escherichia coli strain BL21, the fusion protein Immunoresearch Laboratory). Visualization was by diaminobenzi-
dine (Sigma) in the presence of 0.04% NiCl to intensify the stain.was isolated from the bacteria by sonication followed by solubiliza-
tion in 10 mM NaCl, 10 mM Tris±HCl (pH 7.5) containing 1.5%
Sarkosyl, 3% Triton X-100, 0.1 mM dithiothreitol (DTT), 0.5 mM
phenylmethylsulfonyl ¯uoride (PMSF), and 5 mg/ml leupeptin
(Frangioni and Neel, 1993). After dialysis against 100 mM NaCl,
RESULTS20 mM Tris±HCl (pH 8.0), the soluble fusion protein was digested
with Factor Xa protease (New England Biolabs) to remove the GST
portion. The EcR-B1 portion was puri®ed to homogeneity by prepar-
ative SDS±polyacrylamide gel electrophoresis (SDS±PAGE) (8%), Isolation of a M. sexta EcR cDNA with a Novel 5*
electroeluted, then used for immunization of mice for monoclonal End
antibody production (Lane, 1985; Harlow and Lane, 1989).
Hybridoma supernatants were ®rst screened for reactivity against An unampli®ed random-primed cDNA library prepared
the SDS±PAGE-puri®ed EcR-B1 protein by enzyme-linked immu- from mixed tissues of Manduca larvae on Day 2 of the
nosorbent assay (ELISA) (Harlow and Lane, 1989). The strongly fourth instar and on the ®rst day after the onset of wander-
positive hybridomas were then cloned by limiting dilutions. Speci- ing (Fujiwara et al., 1995) was screened with the 570-bp
®city was determined by immunoblotting of crude bacterial ex- PCR fragment of MsEcR cDNA (RP1; Fig. 1). One cDNA
tracts of the following pGEX fusion proteins (Fig. 1): (1) EcR-B1 33±
clone, EcR1, had a sequence identical to that of MsEcR-454 (described above); (2) EcR-B1 33 ±126 (B1-speci®c); (3) EcR-B1
B1 cDNA (Fujiwara et al., 1995) between splicing site 2127±354 (common region); (4) EcR-B1 354±454 (part of ligand bind-
(nucleotide 400 in Fig. 2A, which corresponds to nucleotideing region); (5) EcR-A 50±138 (A-speci®c). The EcR-A 50±138 pro-
694 in MsEcR-B1 cDNA) and the EcoRI site in the ligandtein shares the C-terminal 16 amino acids with the EcR-B1-speci®c
protein. binding domain (data not shown). Upstream of splicing site
2, the EcR1 cDNA sequence differed from that of MsEcR-
B1 (Fig. 2A). It predicted short regions of amino acid identity
Immunoblot Analysis (the highest being 75% for amino acids 60±79) with the
Drosophila EcR-A (DmEcR-A)-deduced protein (Talbot etProteins were isolated from dorsal abdominal larval epidermis
al., 1993) and an overall identity of 30% (Fig. 2B). The puta-and wing discs in 20 mM Tris±HCl (pH 8.0), 1 mM EDTA, 5 mM
tive EcR-A-speci®c region in Manduca is considerablymagnesium acetate, 0.5% Nonidet P-40, 1 mM DTT, 1 mM PMSF,
shorter than that in Drosophila (123 amino acids compared2 mg/ml leupeptin, and 1 mg/ml each of pepstatin A, antipain, and
aprotinin by homogenization followed by centrifugation (12,000g, 5 to 197) as previously found for EcR-B1 in the two species
min). Protein concentration was determined with the BCA protein (Fujiwara et al., 1995). Although the similarity is limited,
assay kit (Pierce). we will hereafter refer to the EcR1 cDNA as MsEcR-A. Con-
Proteins were separated on 8 or 10% SDS±PAGE and electro- ceptual translation of the entire MsEcR-A sequence from
transferred onto Protran nitrocellulose (Schleicher & Schuell) (200 the ®rst AUG revealed an open reading frame of 568 codons,
mA, 2 hr). Membranes were blocked overnight in 150 mM NaCl, predicting a protein of 63.6 kDa.
50 mM Tris±HCl (pH 8.0), 1 mM EDTA, 0.1% Tween 20 (TBST)
Mapping of the 5* 290-bp PstI fragment of EcR1 cDNA (Fig.containing 5% bovine serum albumin and 5% dried nonfat milk
1) onto a genomic clone obtained from a M. sexta genomicand then incubated 2 hr with the primary antibody followed by
library (Fujiwara et al., 1995) showed that the A-speci®c do-1 hr in 1:1000 goat anti-mouse horseradish peroxidase-conjugated
main of MsEcR-A was encoded by two exons, Aa and Ab (Fig.secondary antibody (Jackson Immunoresearch Laboratories). Detec-
tion was by O-dianisidine (Minnick and Spence, 1988) for the 1). The Ab exon was not found in Drosophila (Fig. 2B) or in
screening of the crude bacterial extracts (200 ng) containing the Bombyx mori (M. Kamimura, personal communication). An
various fusion proteins or by chemiluminescence (Renaissance, initial RT±PCR analysis of epidermal RNA from six fourth
DuPont NEN) for the epidermal proteins. and ®fth instar larvae of different ages (times of both high and
low EcR-A mRNA as discussed below) using one primer in
the common portion of the A/B region (nucleotides 696±715Immunocytochemistry
in Fig. 2 of Fujiwara et al., 1995) and the other in the Aa exon
(nucleotides 31±50 in Fig. 2A) showed that this Ab exon wasImmunocytochemistry of whole mounts of integument was done
essentially as described by Truman et al. (1994) except that ®xation not included in about half of the hybridizing RNA present at
was for 30 min at room temperature. The ®xed tissue was rinsed any particular time (data not shown).
and placed in phosphate-buffered saline (0.15 M NaCl, 2 mM Preliminary S1 nuclease mapping using an antisense
NaH2PO4, 7.7 mM Na2HPO4) containing 1% Triton X-100 (PBST) cRNA probe derived from this genomic clone (data not
on a slow rotator for 2±3 hr at room temperature to allow loss of
shown) showed a protected fragment extending only aboutthe incompletely ®xed insecticyanin pigment that interferes with
30 bp upstream of nucleotide 1 in MsEcR-A cDNA (Fig. 1).the visualization reactions, and then the remaining muscle and
No AUGs were found in this protected fragment, so weadhering fat body were removed. Small pieces were pinned to a
conclude that the ®rst AUG in the EcR1 cDNA sequenceSylgard (Dow Corning) base in small wells and incubated 2 days
with 250 ml diluted primary antibody at 47C, rinsed with PBST, is the translational start site.
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FIG. 1. Map of the Manduca sexta cDNAs encoding the isoforms EcR-B1 and EcR-A and the design of isoform-speci®c and common
EcR probes and of the fusion proteins. The top diagram shows the modular structure of the deduced MsEcR-B1 protein (Fujiwara et al.,
1995) (domains: A/B, N-terminal; C, DNA binding; D, hinge; E, ligand binding; F, C-terminal). The fusion protein segments are indicated
below. The bottom portion depicts the putative MsEcR-A isoform encoded by the EcR1 cDNA clone and the Manduca genomic fragment
containing the ®rst coding exon Aa. The region downstream of the EcoRI site in the EcR1 cDNA has not been sequenced. Triangles
indicate intron sites 1 through 5; positions 2 to 5 are based on previously isolated MsEcR genomic clones (Fujiwara et al., 1995). The
sequence of EcR1 cDNA after splicing site 2 is identical to that of MsEcR-B1 cDNA. The shaded areas represent the sequences unique
to the two isoforms and regions used as isoform-speci®c probes to detect them. The RP1 and the 1.4-kb probes (Fujiwara et al., 1995)
detected both EcR-B1 and EcR-A mRNAs.
Two Transcripts of Similar Size from a Single Developmental Expression of MsEcR-B1 and
MsEcR-A Transcripts and Protein in the LarvalMsEcR Gene
Epidermis
The EcR isoforms of Drosophila originate by alternative
splicing from two promoters of a single genetic locus (Tal- Figure 3A shows that EcR-B1 mRNA was present in Man-
duca epidermis throughout the fourth and ®fth instars withbot et al., 1993). Southern hybridization of the RP1 MsEcR
cDNA fragment (Fig. 1) to Manduca genomic DNA digested higher levels early during the molt to the ®fth instar and
on the last day of feeding in the ®fth instar (Day 3) and thewith six different restriction enzymes showed only a single
major band in each digest (data not shown). Thus, the ecdy- subsequent 2 days just prior to the pupal molt. By contrast,
EcR-A mRNA was at relatively low levels except at thesone receptor in Manduca is also a single-copy gene.
Although the above-described alternative cDNAs clearly time of head capsule slippage (29 hr before ecdysis) during
the larval molt and at the onset of metamorphosis.suggest two MsEcR mRNAs with different 5* termini, only
one band was seen on Northern blots using a probe for the To determine whether this mRNA was translated into
protein, we produced monoclonal antibodies to fusion pro-common region (Fujiwara et al., 1995). Speci®c cRNA
probes from the 5* ends of EcR-A and -B1 (Fig. 1) each de- teins for the two speci®c isoforms (Fig. 1). We were unsuc-
cessful in obtaining a reliable antibody against EcR-A.tected a 6.8-kb mRNA, but with different developmental
expression patterns (Fig. 3A), indicating that the two were Screening of the monoclonal antibodies produced against
the EcR-B1 fusion protein with the various fusion proteinsdetecting different transcripts. This somewhat larger size is
more accurate than the originally observed 6.0 kb (Fujiwara yielded two classes: (1) those detecting an epitope between
residues 127 and 354 present in all isoforms [designatedet al., 1995), as it is based on gels run for extended times.
The faint higher-molecular-weight band seen at times of EcR-common (EcR-com)]; (2) those detecting an epitope
found in the EcR-B1 33±126 protein and not in the EcR-Ahigh EcR-B1 expression in Fig. 3A was not always observed.
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FIG. 2. (A) Nucleotide and deduced amino acid sequences of the A-speci®c portion of Manduca EcR1 cDNA. Arrows indicate intron
positions 1 and 2 as in Fig. 1; Gly124 under splicing site 2 is the ®rst residue common to MsEcR-A and MsEcR-B1 proteins. The 290-bp
fragment ending with the PstI site was used as the EcR-A-speci®c probe. This sequence has been deposited in GenBank, Accession No.
U49246. (B) Comparison between the N-terminal A/B-regions of the Manduca (MsEcR-A) and Drosophila (DmEcR-A) (Talbot et al., 1993)
deduced EcR-A proteins. Double dots indicate identity, single dots indicate amino acid similarity. Gaps were introduced for optimal
alignment. Arrows denote known intron positions; splicing sites 1 and 2 in MsEcR-A divide Aa from Aband the common exons respectively.
Gly124 (in Manduca) and Gly198 (in Drosophila) are the initial residues common to both EcR isoforms.
50±138 protein (designated EcR-B1-speci®c), indicating that used in this study were 8E5 (EcR-common) and 6B7 (EcR-
B1-speci®c). Immunoblots of larval epidermal protein withthe epitope was not among the 16 amino acids common to
the EcR-B1 and EcR-A fusion proteins. The two antibodies both antibodies show a thick protein band between 75 and
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FIG. 3. (A) Northern blot hybridization of dorsal abdominal epidermal RNA (20 mg/lane) from individual fourth and ®fth instar larvae
with probes speci®c to the MsEcR-B1 (top) and MsEcR-A (bottom) transcripts (see Fig. 1). Ethidium bromide staining of rRNA is shown
as a control for equal loading. The exposure times for EcR-B1 and EcR-A were 24 and 48 hr, respectively, although the probes both had
speci®c activities of 2 1 108 cpm/mg and hybridization conditions were identical. (B) Immunoblot of 10 mg protein from dorsal abdominal
epidermis of larvae at different times of development as detected by an 1:100 dilution of monoclonal antibody (mAb) 8E5 (EcR-com) that
detects all isoforms and a 1:500 dilution of mAb 6B7 that detects only EcR-B1. E, ecdysis; SA, spiracle apolysis; S, S/, head capsule
slippage and 30 min later; Y, yellow mandibles (10 hr before ecdysis); Wa, Wp, 9:00 AM and 9:00 PM on the day of wandering; /1, /2, /3,
days after the onset of wandering; PS, 2 hr before pupal ecdysis. Numbers indicate the days since the last ecdysis with tissue taken in
the late afternoon except for 11:00 PM for the Day 3 fourth instar.
80 kDa (Fig. 3B), somewhat larger than the predicted sizes sence of the primary antibody or when the antibody had
been preincubated with the fusion protein (data not shown).of 62.8 and 63.6 kDa (EcR-B1 and -A respectively). The de-
velopmental pro®le of the EcR-B1 protein followed that of To obtain a more detailed picture of the developmental
changes in EcR mRNA levels, we analyzed total RNAthe mRNA (Fig. 3A), suggesting that the protein has a short
half-life. Moreover, the total EcR protein pro®le was similar from dorsal abdominal epidermis of individual larvae by
dot blot hybridization. The relative abundance of totalto that of EcR-B1 (Fig. 3B), indicating that EcR-B1 is likely
the dominant isoform in larval epidermis. EcR mRNA detected by the RP1 and the 1.4-kb cDNA
probes spanning regions common to all EcRs (Fig. 1) wasBoth antibodies detected a nuclear antigen in the larval
epidermis (Fig. 4). No nuclear staining was seen in the ab- indistinguishable so we have combined the data. Figure
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FIG. 4. Immunocytochemical detection of EcR in (A) Day 2 fourth with the common region mAb 8E5 and (B) late Day 3 ®fth epidermis
with the B1-speci®c mAb 6B7. Bar, 50 mm.
5 shows that the total EcR mRNA ¯uctuated consider- ®fth instar. At the onset of metamorphosis, EcR-A mRNA
increased slightly later than EcR-B1 mRNA, and then re-ably. The ®rst major increase was on Day 2 and early Day
3 of the fourth instar as the ecdysteroid titer rises fol- mained high through the onset of the prepupal rise in
ecdysteroid. Both EcR isoforms then decreased as thelowed by a sharp decline as the ecdysteroid titer peaks.
The second major increase consisted of two peaks, the ecdysteroid titer peaked 2 days after wandering, but re-
mained at intermediate levels. Just before pupal ecdysis®rst at the time of the small rise of ecdysteroid on Day 3
that causes pupal commitment of the epidermis (Riddi- coincident with a small rise in ecdysteroid, EcR-B1
mRNA increased whereas EcR-A mRNA declined to min-ford, 1978) and the second at the onset of the increase of
ecdysteroid that causes the pupal molt. imal levels.
Some of the same RNAs together with newly prepared
RNAs were hybridized with the cRNA probes speci®c to
Induction of MsEcR Transcripts by 20-EcR-B1 and to EcR-A. Relative expression for these blots
Hydroxyecdysonewas based on a pooled late Day 1 ®fth epidermal RNA stan-
dard since the levels of both isoforms were low at that time To determine whether the correlations of rises in EcR
mRNAs with the rises in ecdysteroid titers were due to the(Fig. 3A). With probes of equivalent speci®c activity, the
standard appeared to contain 2.8 times as much EcR-B1 as steroid, we incubated both Day 2 fourth instar and Day 2
®fth instar epidermis with 20E. When Day 2 fourth instarEcR-A mRNA based on absolute intensities and the doubled
exposure time necessary for EcR-A. Therefore, we set the epidermis was cultured with 2 mg/ml 20E [the peak concen-
tration during the molt to the ®fth stage (Curtis et al.,expression of the EcR-B1 Day 1 ®fth standard as 10 and that
of EcR-A as 3.6 as an approximation of the relative amounts 1984)], the total EcR mRNA increased over 3-fold by 3 hr
and then decreased by 6 hr (Fig. 6A). No increase was seenpresent. These values are only an estimate since the length
of the probe, the GC content, and other factors can in¯uence in epidermis cultured in hormone-free medium for 6 hr. The
initial increase in 3 hr was not prevented by the presence ofhybridization ef®ciency. Figure 5 shows that the develop-
mental pro®le of EcR-B1 mRNA was quite similar to that anisomycin (Fig. 6A), indicating that protein synthesis was
not required for this response to 20E. In contrast, the subse-of the total EcR mRNA. Only at the onset of the prepupal
rise of ecdysteroid was there a signi®cant difference where quent decrease in EcR mRNA by 6 hr was prevented by
the inhibitor, suggesting that a 20E-induced protein(s) isMsEcR-B1 mRNA levels remained high for about 12 hr
longer than did the total EcR mRNA. involved in this suppression. When Day 2 fourth epidermis
was cultured with varying concentrations of 20E for 6 hr,By contrast, EcR-A mRNA was quite low throughout
the intermolt periods with a higher level in the fourth the ED50 for induction of total EcR mRNA was found to be
60 ng/ml (Fig. 6B), similar to that found for EcR-B1 mRNAthan the ®fth intermolt (Fig. 5). This mRNA showed a
sharp, transient fourfold increase at the time of head cap- induction in Day 2 ®fth epidermis (Hiruma et al., 1996).
The decreased accumulation seen with the highest concen-sule slippage (29 hr before ecdysis) during the molt to the
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8354 / 6x13$$$501 10-29-96 00:41:45 dba AP: Dev Bio
265Developmental Changes in Manduca EcRs
FIG. 6. Induction by 20E of EcR mRNAs in Day 2 fourth instar
epidermis as detected by dot blot hybridization with the RP1 cDNA
(Fig. 1). (A) Epidermis cultured with or without (NH) 2 mg/ml 20E
for 3 and 6 hr in the presence or the absence of 5 mg/ml anisomycinFIG. 5. Developmental pro®les of EcR mRNAs in dorsal ab-
(AM). The bars represent averages for 8±11 animals { SD exceptdominal epidermis of Manduca larvae as determined by RNA
for 4±6 for 20E at 3 hr and for NH. (B) Concentration±responsedot blot hybridization of 5 mg total RNA with the common
curve as determined by exposure to various concentrations of 20EMsEcR cDNA probes (Fig. 1) (top) and with cRNA probes spe-
for 6 hr. Points represent averages { SD. N  4 except for 8±11 atci®c for the MsEcR-B1 (middle) and MsEcR-A (bottom). For total
50, 100, and 2000 ng/ml 20E. Relative expression was referred toEcR, the points represent the averages of 7±11 larvae { SEM
that at the time of HCS as 10 as in Fig. 5.except for 4±6 on Days 0 and 1 and early Day 3 of the ®fth instar,
and beginning at 1:00 PM on the second day after wandering.
Expression was relative to the pooled standard mRNA from
larvae at the time of head capsule slippage (HCS) designated 10.
For EcR-A and EcR-B1, the points are generally the averages of
7± 12 animals { SD with a few scattered points based on 3±6 tration of 2 mg/ml 20E (Fig. 6B) is consistent with the rapid
larvae. Expression was relative to the pooled standard mRNA appearance followed by suppression of the EcR mRNAs by
from late Day 1 ®fth instar larvae with that for EcR-B1 desig- 6 hr exposure to this concentration (Fig. 6A).
nated 10 and that for EcR-A 3.6 (see explanation in text). The When Day 2 ®fth instar epidermis was cultured with 500
ecdysteroid titer during the last two larval instars is shown
ng/ml 20E [the concentration necessary for pupal commit-above the mRNA pro®les and is a composite of data of Bollen-
ment of all cells by 24 hr (Riddiford et al., 1986)], the totalbacher et al. (1981), Curtis et al. (1984), Wolfgang and Riddiford
EcR mRNA increased about 8.5-fold by 3 hr and remained(1986), Kato and Riddiford (1987), Langelan, Palli, Hiruma,
high at 6 hr (Fig. 7). The presence of anisomycin slowed theand Riddiford (in preparation), and Riddiford (unpublished).
The JH titer is based on Fain and Riddiford (1975) and Baker 20E-induced increase, but by 6 hr more EcR mRNA had
et al. (1987). accumulated than in 20E alone. In the absence of hormone,
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FIG. 7. Induction of EcR mRNAs in epidermis from Day 2 ®fth instar larvae cultured with or without (NH) 500 ng/ml 20E for 3 and 6
hr in the absence or the presence of 10 mg/ml anisomycin (AM). Dot blot hybridization was with either the RP1 EcR-common cDNA
probe (left) or cRNA probes speci®c to MsEcR-B1 (middle) and MsEcR-A (right). The bars represent the averages { SD for N  4. Relative
expression is referred to standards at HCS for total EcR and from Day 1 ®fth for the isoform-speci®c probes adjusted as in Fig. 5.
anisomycin had little effect at 3 hr, but by 6 hr allowed a exposed for the same time, indicating the higher relative
levels of EcR-A mRNA in the discs compared with the ab-small, but signi®cant increase in EcR mRNA (P  0.001).
When these same RNAs were hybridized with the EcR- dominal epidermis where the exposure time for EcR-A was
double that for EcR-B1 (Fig. 3A). Both EcR-B1 and total EcRB1 and EcR-A cRNA probes, EcR-B1 mRNA showed a 10-
fold increase by 3 hr exposure to 20E followed by a 40% protein showed similar pro®les during pupal development
of these discs (data not shown).decrease by 6 hr (Fig. 7). In the presence of anisomycin, EcR-
B1 mRNA only accumulated by 3 hr to 60% of the level During the onset of adult development of the wings, both
EcR-A and -B1 mRNAs showed two peaks of abundance onnormally seen in 20E alone, but attained its maximal level
by 6 hr. There was no signi®cant increase of EcR-B1 mRNA Days 4 and 8 (Fig. 9). Then EcR-B1 mRNA declined and
remained low through Day 12, whereas EcR-A mRNA per-in the absence of hormone, in either the presence or the
absence of anisomycin. By contrast, the accumulation of sisted at an intermediate level. Similar developmental pat-
terns of mRNA abundance were found for the dorsal meso-EcR-A mRNA in response to 20E occurred more slowly and
was only 6-fold by 6 hr (Fig. 7). This increase was little thoracic epidermis except that the ®rst peak was broader
and the maximal increases were less than in the wings (Fig.affected by the presence of anisomycin. In the absence of
hormone, anisomycin caused a small but signi®cant in- 9), re¯ecting the 3-fold higher initial levels of both mRNAs
at the time of pupal ecdysis. Immunoblotting with thecrease in EcR-A transcripts by 3 hr (0.005  P  0.002).
Thus, the mRNAs for both isoforms are directly induced monoclonal antibodies for EcR-B1 and for all isoforms
shows a similar developmental pro®le (data not shown).by 20E, but the rapidity of the increase and subsequent
decline of that for EcR-B1 are also dependent on 20E-in-
duced protein(s).
DISCUSSION
Temporal Pro®les of MsEcR-A and MsEcR-B1
In this study we have isolated a new isoform of EcR inmRNAs in Wings and Pupal Epidermis
Manduca that is the putative homolog of EcR-A of Drosoph-
ila (Talbot et al., 1993) and have shown that in ManducaIn the wing discs EcR mRNAs appeared in the early ®fth
instar, persisted through the onset of the pupal molt, and epidermis its pattern of mRNA expression is distinct from
that of EcR-B1 during larval growth, molting, and metamor-then showed two peaks at the beginning of adult develop-
ment (Fujiwara et al., 1995). Figure 8 shows that EcR-B1 phosis. EcR-B1 mRNA and its encoded protein are more
prevalent through these stages although levels ¯uctuatemRNA was detectable at low levels in wing discs on Day
1 of the ®fth instar, with EcR-A mRNA appearing in sig- widely, particularly at the time of the ecdysteroid rises. By
contrast, EcR-A mRNA appears primarily during the moltsni®cant amounts by Day 2. Both mRNAs then increased to
a maximum on the day after wandering, when the ecdyste- at the time of the onset of cuticle deposition and at the
times of pupal and adult commitment of the epidermis.roid titer for the pupal molt is beginning to rise (see Fig. 5),
and then declined slowly to pupal ecdysis. These blots were Both isoforms are induced directly by 20E but with different
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within the ®rst coding exon Aa of Manduca EcR-A (Fig. 2B).
In Drosophila, this tract is directly spliced to the common
region, whereas in Manduca it is followed by a second A-
speci®c exon Ab. EcR-A transcripts both with and without
the Ab exon are present in larval and prepupal epidermis,
and we have yet to ®nd any developmental variability in
the proportion of the two. Hence, the role, if any, of these
two variants is presently indecipherable.
Although we have not done functional assays with either
of the two putative EcR isoforms of Manduca, the homologs
of EcR-B1 and USP from the silkmoth, B. mori, have been
shown to form heterodimers and to activate an ecdysone
response element (Swevers et al., 1996) similarly to Dro-
sophila (Yao et al., 1993). Since Manduca EcR and USP are
84% (Fujiwara et al., 1995; Fig. 2) and 89% (Jindra et al.,
1996) identical with their Bombyx counterparts, we assume
that they will also form an active heterodimer.
Regulation of EcR mRNA Expression by 20-
Hydroxyecdysone
FIG. 8. Northern blot hybridization of total RNA (15 mg) from These studies and more detailed ones on Day 2 ®fth instar
larval wing discs with cRNA probes speci®c to MsEcR-B1 (top) and
epidermis (Hiruma et al., 1996) are the ®rst to show thatMsEcR-A (bottom) transcripts. Both blots were exposed for 24 hr.
20E regulates the expression of the two EcR isoforms differ-Ethidium bromide staining of rRNA is shown as a control for equal
loading. Numbers indicate days of the ®fth instar, and W1±W3,
days after the onset of wandering.
dynamics, and the full, rapid increase in EcR-B1 mRNA
requires protein synthesis.
The Manduca EcR Gene and Generation of
Different Isoforms
Our ®nding of a second isoform of EcR in Manduca that
is most similar to EcR-A of Drosophila (Talbot et al., 1993)
is the ®rst report of conservation of the EcR-B1/EcR-A iso-
forms among insects. All the EcRs so far isolated from other
insects [the mosquito Aedes aegypti (Cho et al., 1995), the
silkmoth Bombyx mori (Swevers et al., 1995; Kamimura et
al., 1996), and the spruce budworm Choristoneura fumifer-
ana (Kothapalli et al., 1995)] except that of the midge Chiro-
nomus tentans (Imhof et al., 1993) are most similar to Dro-
sophila EcR-B1 in the A/B domain (49 and 50% identity
for the mosquito and Manduca, respectively). Among the
lepidopterans the identity in this domain is greater than
FIG. 9. Developmental pro®les of EcR-B1 and EcR-A mRNAs in80%. Thus, the 30% overall identity between the EcR-As
pupal wings (top) and dorsal mesothoracic epidermis (bottom) asof Drosophila and Manduca in this domain is somewhat
determined by dot blot hybridization analyses of 5 mg total RNAlower than expected, but the 75% conservation in one tract
with cRNA probes speci®c to MsEcR-A and MsEcR-B1 transcripts.of 20 amino acids suggests that they are likely homologs.
Points represent the averages of N  4 { SD except for 5 on Days
As in Drosophila (Koelle et al., 1991), there is only one 9 and 10. Expression is relative to a pooled standard RNA from
EcR gene in Manduca, and splice site 2 that divides the A- epidermis of ®fth instar larvae late on Day 1 designated 10 for each
and B1-speci®c exons from the common region is conserved isoform as the relative intensities were nearly equal for these blots
with Drosophila (Talbot et al., 1993). The most highly con- exposed for the same time. Developmental events in the wing
(Nardi and Magee-Adams, 1986) are depicted at the top.served tract of 20 amino acids with 75% identity is found
Copyright q 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
AID DB 8354 / 6x13$$$501 10-29-96 00:41:45 dba AP: Dev Bio
268 Jindra et al.
ently. In Day 2 ®fth Manduca epidermis, EcR-B1 mRNA Developmental Speci®city of EcR Isoform
Expression in a Polymorphic Cellaccumulation was nearly 2-fold more sensitive to 20E than
that of EcR-A mRNA in terms of both the ED50s (1.251 1007
Studies of developmental expression of the two EcR iso-and 2.6 1 1007 M, respectively) and the times to maximal
forms in Drosophila have concentrated primarily on theaccumulation in response to a supramaximal concentration
onset of metamorphosis at pupariation. At that time theof 20E (Hiruma et al., 1996). We found an ED50 similar to
imaginal discs that are about to differentiate have predomi-that found for EcR-B1 above for total EcR in fourth instar
nantly EcR-A, and the larval cells destined to die and thelarval epidermis, re¯ecting the predominance of the EcR-
tissues that are still to proliferate such as the histoblastsB1 isoform at this stage. This concentration is 10-fold higher
have predominantly the B1 isoform (Talbot et al., 1993).than that found for Drosophila for a mixture of larval organs
Earlier during larval life EcR-B1, but no EcR-A, was detect-(Karim and Thummel, 1992) and larval salivary glands (Huet
able in extracts of whole larvae (Talbot et al., 1993). In theet al., 1995), but is in the range of concentrations of ecdyste-
nervous system, no EcR is present in larval neurons untilroid normally found in vivo in Manduca at the time of the
pupariation when many have high levels of EcR-B1. Thenonset of the larval molt (Curtis et al., 1984) and at the time
during adult development these neurons express varyingof pupal commitment on Day 3 of the ®fth instar (Wolfgang
levels of the two isoforms, depending on their fate (Robinowand Riddiford, 1986).
et al., 1993; Truman et al., 1994).In Drosophila organs, the rapidity of the induction of total
Our studies on the polymorphic epidermis of Manduca,EcR mRNA suggested that protein synthesis was not re-
whose response to ecdysteroids depends on the presence orquired (Karim and Thummel, 1992), but neither inhibitor
the absence of JH, show that the interplay between the twonor isoform-speci®c studies have been reported. Our studies
EcR isoforms is more complex than the simple picture ob-
show that both EcR isoforms are directly upregulated by 20E
tained from Drosophila of EcR-B1 as the larval and EcR-A
in Manduca epidermis, but differ in their responsiveness to
as the imaginal isoform. In the following discussion, we will
a supramaximal concentration of 20E and to protein synthe-
assume that the two isoforms are present in the epidermal
sis inhibitors. In response to 1006 M 20E, EcR-B1 mRNA nuclei at the times and in the relative amounts as indicated
increased rapidly to a maximum by 3 hr and then decreased by their mRNAs. This assumption seems valid since the
by 6 hr, whereas EcR-A mRNA only increased slowly (Fig. EcR-B1 protein pro®le mirrors that of its mRNA and prelim-
7 and Hiruma et al., 1996). Inhibition of protein synthesis inary comparisons of protein levels detected by the antibody
during this period had no effect on the accumulation of EcR- for the common region versus the EcR-B1 antibody suggest
A mRNA, but slowed the rapid accumulation of EcR-B1 that the same is true for EcR-A.
mRNA and prevented its decrease. Consequently, a 20E- In contrast to Drosophila (Talbot et al., 1993), during the
induced protein(s) may be necessary for the rapidity of the larval intermolt feeding periods, both EcR isoforms are present
initial increase in EcR-B1 mRNA as well as for the subse- in Manduca larval epidermis with a 2- to 3-fold higher level
quent decrease. A decline in total EcR mRNA in Drosophila in the fourth instar than in the ®fth instar. The reason for
salivary glands after its initial induction by 20E was also this latter difference is unclear but may be related to the higher
dependent on protein synthesis (Huet et al., 1995). Thus, JH titer in the former (Fain and Riddiford, 1975; Baker et al.,
EcR-B1 appears to be regulated by both 20E and 20E-induced 1987). During the larval molt, EcR-B1 mRNA increases ®rst
proteins, presumably transcription factors, although an ef- in accordance with its higher sensitivity to 20E. Thus, EcR-B1
fect on stabilization of the mRNA has not been excluded. is present in increasing amounts during the predifferentiative
By contrast, the regulation of EcR-A appears to be solely phase of the molt when ecdysteroids cause the cessation of
dependent on 20E and aloof to the protein(s) that regulates intermolt cuticle syntheses (Riddiford et al., 1986; Hiruma et
EcR-B1. al., 1991) and some cellular proliferation, but it then falls as
This dichotomy of appearance of the two EcR isoforms the ecdysteroid titer peaks. This rapid decline is likely due to
is most striking during the larval molt in Manduca where the high hormone levels as shown by the in vitro experiments
ecdysteroids are acting in the presence of JH (Fig. 5). Yet where total EcR mRNA in fourth instar epidermis rapidly and
in cultured epidermis, these initial responses of EcR transiently accumulated. The decline in mRNA depended on
mRNAs to 20E seem to be very little affected by JH. Inclu- protein synthesis and therefore is likely through ecdysteroid-
sion of either JH I or methoprene (a JH analog) in the induced transcription factors such as MHR3 which appears
culture medium with 20E had no effect on either the ra- both in vivo and in vitro at the time that EcR-B1 declines
pidity or the transiency of accumulation of EcR-B1 rapidly (Palli et al., 1992; Langelan, Palli, Hiruma, and Riddi-
mRNA in Day 2 ®fth epidermis (Riddiford, 1996; Shinoda, ford, in preparation). By contrast, EcR-A shows a transient
Hiruma, and Riddiford, in preparation). The initial rise in increase only at the ecdysteroid peak, just before the onset of
EcR-A mRNA was only slightly delayed compared to the the deposition of the new cuticle which occurs about 3 hr
extreme delay in EcR-A expression normally seen during after head capsule slippage (Wolfgang and Riddiford, 1986).
a larval molt. Further studies are necessary to resolve the During the time of pupal commitment of the epidermis
intricacies of the hormonal control of the differential ex- on Day 3 of the ®fth instar in response to the small surge
of ecdysteroid (about 75 ng/ml 20E equivalents; Wolfgangpression of the two isoforms.
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and Riddiford, 1986) in the absence of JH (Riddiford, 1978), some, but not all, disc cells during the molt to the ®fth
instar (H. F. Nijhout and Riddiford, unpublished). EcR-Athere is an initial rapid rise of EcR-B1 followed several hours
later by a rise in EcR-A. This pattern of induction can be mRNA appears slightly later and increases with EcR-B1
mRNA to maximal levels on the day after wandering whenmimicked in vitro since EcR-B1 mRNA was shown to be
twice as sensitive as EcR-A mRNA to 20E (Hiruma et al., the discs have stopped dividing and begin the predifferentia-
tive events necessary for eversion and pupal cuticle synthe-1996). Furthermore, they found that the 1:1 ratio of ecdy-
sone:20E present in vivo (Bollenbacher et al., 1981) effec- sis. Although the ratio of EcR-A to EcR-B1 mRNA is higher
in the discs than in the abdominal epidermis, EcR-A is nottively halved the concentration of 20E necessary to induce
EcR-B1, but had no effect on the induction of EcR-A. Thus, the predominant isoform as was found for Drosophila imag-
inal discs at pupariation (Talbot et al., 1993).the temporal differences in expression patterns of these two
isoforms during the change of commitment re¯ect the dif- In the pupal wing and dorsal mesothoracic epidermis, two
peaks of both isoforms are seen during the early phase offering sensitivities of the two isoforms to the small ecdyste-
roid rise at this time. adult development as was previously found for total EcR
mRNA (Fujiwara et al., 1995). The ®rst increase occurs dur-After the change of commitment, EcR-B1 levels tran-
siently fall as wandering begins and then increase again the ing the rise of ecdysone beginning on Day 2 (Warren and
Gilbert, 1986). At this time the epidermis must ®rst switchfollowing day when the ecdysteroid levels slowly begin to
rise to cause the pupal molt (Bollenbacher et al., 1981; Kato to its adult synthetic program since JH given on Day 1
causes the formation of a second pupal cuticle (Riddifordand Riddiford, 1987). By contrast, EcR-A remains high
through this whole period. Many cellular changes including and Ajami, 1973). Then as the ecdysone rises further, both
the general epidermal and the scale primordial cells prolifer-cell divisions (Kato and Riddiford, 1987) and extension of
epidermal feet that mediate cell communication and possi- ate and rearrange; on Day 5 the cells undergo a ®nal differen-
tial division to form the scale and socket cells (Nardi andble rearrangement (Locke and Huie, 1981) occur at this time
and are critical for the change in shape and cuticular mor- Magee-Adams, 1986) (Fig. 9). Scale growth follows until Day
8, when cuticle deposition begins as the ecdysteroid titerphology seen in the pupa. The same patterns of isoform
changes are seen in vitro when cultured Day 2 ®fth epider- peaks (composed of primarily 20E, Warren and Gilbert,
1986). The second increase in both EcR isoforms coincidesmis undergoes pupal commitment and begins these cellular
changes in response to 20E (Hiruma et al., 1996). Interest- with this latter peak, and then EcR-A persists at low levels
through at least Day 12. Interestingly, immunocytochemi-ingly, the second transient increase in EcR-B1 and the
steady slow rise in EcR-A that occur between 12 and 24 hr cal studies show that during the ®rst peak EcR-B1 is present
in all cells, whereas during the second peak it is found pri-exposure to 20E do not occur in the presence of JH (Riddi-
ford, 1996; Shinoda, Hiruma, and Riddiford, in preparation). marily in the scale mother cells and little in the general
epidermis (Asahina, Deng, and Riddiford, unpublished). AtSince JH prevents the 20E-induced pupal commitment of
the epidermis (Riddiford, 1978), these later changes in EcR this latter time the antibody to the common domain of the
two proteins detects protein in all cells that persists untilisoform expression are apparently manifestations of a pu-
pally committed cell. The simultaneous presence of the two Day 12. Thus, EcR-A is likely the predominant form associ-
ated with new cuticle deposition.isoforms may thus be important for the predifferentiative
changes necessary for metamorphosis. In summary, EcR-B1 is predominant in the abdominal
epidermis of Manduca at most times. Its mRNA level isPupal cuticle synthesis does not begin until the onset of
the third day after wandering (Sedlak and Gilbert, 1979), responsive to very low concentrations of 20E so that it in-
creases quickly at the times of ecdysteroid rises. During awhen both isoforms are present at lower levels. Later, just
prior to pupal ecdysis, EcR-B1, but not EcR-A, increases larval molt EcR-A increases do not occur until the peak of
ecdysteroid just before the onset of cuticle synthesis. Byconcomitantly with a small rise in ecdysteroid titer (Tru-
man et al., 1980), but its role is unknown. contrast, during the metamorphic molts to the pupa and
the adult, EcR-A increases earlier in the rise of ecdysteroidIn contrast to the polymorphic abdominal epidermis
which undergoes a switch in its synthetic program at meta- and therefore is present during the time of the change of
commitment and through much of the predifferentiativemorphosis, the wing discs shift from a proliferative phase
to a differentiative phase. In Lepidoptera these discs become phase.
pupally committed shortly after the ®nal larval ecdysis (Oh-
taki et al., 1986; Yoshida and Riddiford, unpublished). Disc Possible Roles of EcR Isoforms in Developmentproliferation continues through the wandering stage, but
also tracheal proliferation and later tracheole migration in Since EcR must hybridize with USP to form a functional
receptor (Yao et al., 1993), the response to ecdysteroid re-preparation for metamorphosis occur (Nardi et al., 1985).
The wing everts as the prepupal ecdysteroid rise nears its quires the presence of both proteins. In Manduca epidermis
USP is present at all times, but there is a switch of isoformspeak, and pupal cuticle is deposited in concert with that by
the abdominal epidermis. EcR-B1 mRNA is present at low at the time of the molts (Jindra et al., 1996). The switch
occurs at about the same time that EcR-A increases, butlevels in the early ®fth instar discs, and preliminary immu-
nocytochemical studies show that the protein is present in whether a new heterodimeric pair is necessary for the induc-
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JH, EcR-B1 predominates during the commitment and pre-
differentiative phases, and then EcR-A appears and is pre-
dominant at the onset of cuticle deposition. By contrast, in
the absence of JH during the onset of a metamorphic (either
the pupal or the adult) molt, EcR-A appears earlier during
the latter part of the commitment phase and persists
through the predifferentiative phase until the onset of cuti-
cle deposition. These ®ndings suggest that EcR-A may be
somehow involved in the ecdysteroid-induced switching of
cells to their new fate and helps in concert with EcR-B1 to
direct that fate during the predifferentiative phase. The lack
of its induction during the early phases of the larval molt
then would preclude the switching that is necessary for
metamorphosis. In this scenario, the appearance of meta-
morphic-speci®c transcription factors such as the Broad-
Complex (BR-C) proteins (DiBello et al., 1991) would be
dependent on the early appearance of EcR-A. The timing of
the appearance of BR-C mRNA relative to that of either
total EcR in Drosophila organs (Karim and Thummel, 1992)
or both isoforms in Manduca epidermis (Riddiford, 1996;
Zhou, Shinoda, and Riddiford, unpublished) in response to
20E in vitro is consistent with this hypothesis, but further
studies are necessary to prove it.
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